A mathematical model for the cathode of a direct methanol fuel cell ͑DMFC͒ is developed to investigate two-phase transport in the catalyst layer ͑CL͒ and to elucidate the mechanism of cathode mixed potential due to oxidation of crossover methanol. A coupled model of two-phase species transport and multistep electrochemical kinetics, including simultaneous oxygen reduction, methanol oxidation, and gas phase chemical reaction, is presented. The model predictions agree favorably with experiments of cathode mixed potential, and the predicted profiles of water saturation, oxygen concentration, and overpotential along the CL thickness further reveal the profound interplay between multiple reactions and the transport of oxygen and water. It is shown that in the presence of methanol crossover, the DMFC cathode is operated at higher overpotential and water saturation, with larger oxygen transport loss than that in the H 2 /air counterpart. The model results also indicate that reducing the cathode CL thickness can facilitate both liquid water removal and oxygen transport through the CL, leading to improved cathode performance. A primary factor limiting direct methanol fuel cell ͑DMFC͒ performance is methanol crossover through the electrolyte membrane.
A primary factor limiting direct methanol fuel cell ͑DMFC͒ performance is methanol crossover through the electrolyte membrane. [1] [2] [3] This includes loss of methanol fuel from the anode and performance loss at the cathode, where simultaneous reduction of O 2 ͑ORR͒ and oxidation of methanol ͑MOR͒ lead to lower cathode potential and hence, decreased cell voltage. 3 Cathode mixed potential has been the subject of numerous experimental studies. Bittinscattaneo et al. 4 investigated the interaction of methanol and oxygen at a poly͑tetrafluoroethylene͒ ͑PTFE͒-bonded gas diffusion electrode and found that MOR partial current was enhanced and the onset of MOR occurred 100 mV more cathodic in the presence of oxygen. Chu and Gilman 5 claimed, however, that the ORR rate was reduced by surface poisoning of methanol oxidation fragments or organic impurities in the methanol. Similar results were reported by Paulus et al., 6 but the ORR was proven to be unaffected by the presence of methanol. Vielstich et al. 7 proposed a purely chemical reaction between oxygen and methanol at the platinum interface in a gas diffusion electrode. It was found that this chemical pathway, accompanied by a strong increase in the fuel consumption rate, considerably decreases the ORR. Recently, Jusys and Behm 8 determined separately the rates of the simultaneous MOR and ORR on Pt/C in O 2 -saturated methanol solution. Their results showed a slight deviation of the net current from the simple additive superposition of ORR and MOR currents, due to an increased formation of partly oxidized by-products. The conclusions from different groups are controversial; therefore, in spite of extensive studies, a full mechanistic understanding of the mixed potential in the DMFC cathode remains elusive.
Several numerical models have been developed to describe DMFC behaviors due to strong interest in DMFC technology for portable and micropower. Wang and Wang 9 presented a multicomponent model for a liquid-feed DMFC. The two-phase transport in porous backing layers was elaborated in the model, the catalyst layer ͑CL͒ was treated as an interface, and the effective cathodic current density was treated as a summation of the load current and methanol crossover current to account for the crossover effect. 9 Murgia et al. 10 and Raman et al. 11 proposed a one-dimensional, multicomponent model and studied the effects of cathode flooding and methanol crossover overpotential with different oxidants. Most recently, Kulikovsky 12, 13 has developed a one-dimensional ͑1D͒ + 1D model of a DMFC based on semiempirical equations. This model predicts formation of a narrow zone of local current, which short-circuits cell electrodes even at small current. While the above-mentioned studies touched upon some fundamental issues of species transport and electrochemical reaction in a DMFC, the most important ORR and MOR kinetics and their mutual interactions have not been addressed in sufficient detail. To our best knowledge, there is no reliable model to accurately estimate the crossover effect on cathode performance in a DMFC. The objective of the present study is twofold. The first goal is to introduce a 1D model of the DMFC cathode incorporating recent experimental findings on electrochemical kinetics as well as the multiphase mixture ͑M 2 ͒ model of two-phase transport developed by Wang et al. [14] [15] [16] [17] [18] [19] Considering the highly flooded nature of a DMFC cathode, the two-phase description is essential. The combination of these two aspects, therefore, permits a more accurate modeling of the mixed potential due to methanol crossover, as well as its interactions with the transport of gaseous oxygen and liquid water across the CL. The second objective is to optimize CL thickness. Model predictions of cathode CL performance for various thicknesses are given, and the full effects of two-phase transport and multistep electrochemical kinetics are discussed.
Model
The M 2 model for two-phase transport is combined with a multistep kinetic model in this work. General assumptions made in this study are that ͑i͒ the system is assumed to be isothermal and at steady state, ͑ii͒ at the reaction interface, O 2 diffusion resistance through the ionomer film is negligible due to the small film thickness ͑i.e., ϳ5 nm͒, and ͑iii͒ the proton conductivity of the membrane is taken as a constant due to sufficient hydration in the DMFC environment.
Two-phase transport model.-The M 2 formulation is used to describe two-phase species transport in the DMFC cathode. Readers are referred to references [14] [15] [16] [17] [18] [19] for details of this model. Here, only a brief description is given. Figure 1 shows a schematic of the 1D computational domain and related transport processes. The governing equations consist of those for the conservation of oxygen, methanol, water, and proton species and charge conservation, along with appropriate sink/source terms, as summarized in Table I . Some of the equations are taken from Pasaogullari and Wang 16 and modified for use in a DMFC system of interest in this work. Several key features of the present model are noteworthy as discussed below.
The governing equation to describe water transport in the CL can be expressed as
͓1͔
The three terms on the left side describe water transport by convection, capillary forces, and electro-osmotic drag, and the right side stands for the source term due to water production. Here, I e is the ionic current density conducted passing through the electrolyte in the CL, C l MeOH M MeOH / l the mass fraction of methanol in the liquid, u the superficial two-phase mixture velocity, and ␥ c the advection factor expressed as
where , l , and g are the two-phase mixture density, relative mobility of liquid and gas phases, respectively, namely
where k rg and k rl are the relative permeabilities of individual phases, which are assumed to be the cubic function of phase saturations. In Eq. 1, j l is the liquid flux driven by capillary pressure gradient as given by
where J͑s͒ is the Leverett function and is given for both hydrophilic and hydrophobic media as
.417s − 2.120s 2 + 1.263s
where c is the contact angle. The total molar concentration of water in the two-phase mixture is defined as
Substituting Eq. 2, 5, and 8 into Eq. 1 yields the governing equation for water transport as shown in Table I , where
͓9͔
In the governing equations for both oxygen and methanol as listed in Table I , diffusion in liquid is neglected due to low O 2 solubility and liquid methanol diffusivity. The effective diffusivities of oxygen and methanol in the gas phase are described by the percolation theory [20] [21] [22] as
where D g i , CL , and X 0 are the bulk species diffusivity, porosity of the CL, and percolation critical value, respectively. Values of these parameters can be found in Table II. Due to thermodynamic equilibrium between the gas and liquid phases, Henry's law is employed to calculate the methanol vapor pressure
where k H and x l MeOH are the Henry constant and methanol molar fraction in the liquid, respectively. For dilute solutions the molar concentration of methanol vapor can thus be simply determined by 
Conservation equation
Source term
Where r is the gas-phase chemical reaction rate between methanol vapor and oxygen.
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͓12͔
Electrochemical kinetics.-In a DMFC cathode, reduction of oxygen and oxidation of crossover methanol occur simultaneously. The rate of ORR is governed by the Tafel kinetics as follows
where a is the specific reaction area equal to the total electrochemical active area ͑ECA͒ divided by the CL thickness, the term ͑1-s͒ describes the fraction of ECA that is available for ORR in the presence of liquid water, C 0,ref O 2 is the reference oxygen concentration, and ␣ c is the cathodic transfer coefficient. The cathode overpotential, , is defined as
where U o is the thermodynamic potential of a particular reaction. In the present model the MOR is considered a multistep reaction and its kinetics is based on the following reaction mechanism 23 
͓19͔
Here H ads produced in Eq. 16, 17, and 18 is immediately oxidized via Eq. 19 when the potential is above 0.3 V, 23 so the surface coverage of H ads is assumed to be zero at the cathode. At steady state, the surface coverage of different species is constant with time. Following the procedure described by Nordlund and Lindbergh, 24 one can obtain the following species surface coverage 
where k i , ␣ i , and ␤ i are rate constants, transfer coefficients, and symmetry factors of respective reactions, which are listed in Table  III. In the above equations, V cath varies along the thickness of CL, and so does MOR kinetics. Note that here we extend the MOR models of Kauranen and Skou, 23 and Nordlund and Lindbergh 24 on PtRu catalysts to the Pt surface of the DMFC cathode. Thus, some of the kinetic parameters are directly taken from Ref. 24 , while others are modified to include special features of MOR on Pt electrodes, e.g., positive shift of peak potential and higher oxidation onset voltage.
In the above two equations, b is expressed as
where C MeOH represents the molar concentration of methanol in the two-phase mixture, i.e.
The rate-determining step was proposed to be the electrochemical reaction between adsorbed CO and OH. Thus, the MOR current is proportional to the rate of Reaction 18, described as
where K is a proportionality constant. The concentration dependence of the MOR polarization is shown in Fig. 2 , where the pure kinetics is plotted, omitting any mass-transfer limitation. It is seen from Fig.  2 that there is negligibly small current density until the electrode potential is beyond 0.4 V. The MOR current density then increases with the electrode potential until reaching a peak, after which the current density decreases due to surface hydroxide formation, blocking further reaction. 25 In addition, a purely chemical gas-phase reaction between methanol vapor and oxygen at the Pt surface 7 in the cathode is considered in the present model
The chemical reaction rate can be described as
where K r is a rate constant, and ␤ and ␥ are concentration exponents. This chemical reaction consumes additional oxygen and yields a severe concentration gradient across the cathode CL. In the present model for the DMFC cathode, the mutual interaction between ORR and MOR is reflected in the source term for the equation governing proton transport. As discussed earlier, there are two contradicting opinions in the literature: ͑i͒ the ORR activity decreases while MOR rate remains constant, or ͑ii͒ the MOR rate decreases while ORR remains unaltered. For simplicity, additive superposition of the two partial processes is adopted in this work, because each of the two simultaneous reactions is only slightly affected by the other. 8, 23 Therefore, the source term in the protontransport equation is a simple summation of the MOR and ORR currents. The cathode potential, where the MOR and ORR produce zero net current, is referred to as the mixed potential at open circuit. Finally, note that both electrochemical and chemical reactions contribute to the source terms for the transport of oxygen, methanol, and water, as shown in Table I .
Boundary conditions.-The boundary conditions for the conservation equations are listed in Fig. 1 . At the interface between the proton exchange membrane ͑PEM͒ and cathode CL, the flux conditions for protons, water, methanol, and oxygen as listed in Fig. 1 are self-explanatory, with the total mass flux consisting of methanol and water crossing over the PEM.
At the CL/GDL interface, the water concentration can be prescribed as
with the liquid saturation at the CL/GDL interface obtained following Pasaogullari and Wang. 15 Similarly, the oxygen concentration at the CL/GDL interface can be calculated from the value in the gas channel, C chann O 2 , which is obtained by averaging the inlet and outlet oxygen molar fractions, i.e.
The oxygen molar fraction at the outlet is given by
where I xover and S R are the methanol crossover current density and air stoichiometric ratio at 0.15 A/cm 2 , a reference operating current 
Experimental
To obtain experimental data of cathode mixed potential, a 12 cm 2 MEA in the form of a catalyst-coated membrane ͑CCM͒ based on a Nafion 112 membrane is utilized. The catalyst loadings are 4.5 mg PtRu/cm 2 and 1.2 mg Pt/cm 2 at the anode and cathode, respectively. The cell is operated at 60°C and ambient pressure on both sides. More details of the MEA fabrication, cell fixture, and operating conditions have been detailed elsewhere. [26] [27] [28] Under DMFC operation, the anode and cathode stoichiometries of 2.0 and 3.0 at 150 mA/cm 2 are used, representing practically reasonable flow rates for portable applications. To quantify the effect of cathode mixed potential due to the presence of methanol crossover, the H 2 /air cell performance is also recorded at the same air flow rate, but the anode H 2 stoichiometry is equal to 8.3 at 150 mA/cm 2 , sufficiently large to avoid any appreciable influence from the H 2 anode. Each voltage data point is obtained by averaging the values recorded for 3-5 min at a certain current density. High-frequency resistance ͑HFR͒ of the cell at each current density is measured using an Agilent 4338B milliohmmeter at 1 kHz.
DMFC cathode performance is evaluated according to the procedure described by Thomas et al., 29 i.e.
where E Air MeOH ͑I͒ is the air cathode potential under DMFC conditions that contains the effects of methanol crossover and mixed potential, and E MeOH/Air ͑I͒ and E MeOH/H 2 ͑I͒ are the iR-free voltages measured under DMFC and anode polarization modes. Figure 3 compares the simulated and measured cathode performance in a DMFC and an H 2 /air cell at 60°C with the air stoichiometry of 3 at 150 mA/cm 2 . Note that V cath at PEM/CL interface was taken as the iR-corrected cathode performance, by assuming that the membrane phase potential is zero at the interface. The steady-state DMFC and anode polarization data are also displayed in the figure for reference. Cathode data points in the DMFC case with current density higher than 250 mA/cm 2 could not be obtained because of the limited methanol transport at the anode. Note that summing the experimental iR-free voltages measured under DMFC and anode polarization modes, followed by correction by DMFC cell resistance, gives the black triangle data points in Fig. 3 . It can be seen that the model has excellent agreement with experimental data. Methanol crossover and its detrimental effect diminish with the operating current density, and vanish when the current density is higher than the anode limiting current ͑i.e., 290 mA/cm 2 ͒ where the cathode potential in a DMFC consequently approaches that in the H 2 /air cell. This finding is slightly different from the data reported in the literature, where DMFC cathodes still suffer from methanol crossover at very high current densities, or even through entire polarization curves. This is because a very high methanol flow rate ͑real stoichiometry Ͼ10͒ is commonly employed; therefore it is not surprising to observe high methanol crossover and its detrimental effect at high current densities. Finally, it is interesting to note from Fig. 3 that the cathode voltage loss due to methanol crossover is predicted to be ϳ40 mV at 150 mA/cm 2 , a common current density designed for portable applications.
Results and Discussion
Driven by molecular diffusion and electro-osmotic drag, 30 methanol permeates through the polymer membrane and eventually reacts electrochemically or chemically with oxygen at the cathode platinum surface. The ratio of methanol from chemical oxidation with oxygen to the overall oxidation rate, evaluated from the various source terms of methanol in Table I , ranges from 31% at 5 mA/cm 2 to 8.3% at 100 mA/cm 2 . This indicates that electrochemical oxidation consumes most of the crossover methanol, resulting in a mixed cathode potential. To fully understand the mixed potential of an air cathode in the presence of methanol crossover, polarization curves under different cathode environments predicted by the present model are compared, including ͑i͒ air with methanol crossover, ͑ii͒ air with methanol crossover and infinite oxygen diffusivity, ͑iii͒ air without methanol crossover, ͑iv͒ oxygen with methanol crossover, and ͑v͒ oxygen without methanol crossover. The results are summarized in Fig. 4 . Curves ͑3͒ and ͑5͒ show the cathode performance using air and oxygen without methanol crossover, respectively. When oxygen is used, the cathode performance improves by ϳ80 mV in both kinetic and ohmic regimes. In the presence of methanol crossover at the cathode, the performance using air and oxygen is displayed by curves ͑1͒ and ͑4͒. The open-circuit voltage ͑OCV͒ loss due to methanol crossover is almost 100 mV using air, compared to only 20 mV with oxygen; and at 50 mA/cm 2 , the cathode voltage is lowered due to methanol crossover by ϳ66 and 21 mV for air and oxygen, respectively. Therefore, the detrimental effect of methanol crossover is more pronounced when air is used at the oxidant. These simulated results are consistent with our experimental observations ͑not shown͒ and the reported crossover overpotential for air and oxygen. 11 The reason is that higher concentration of pure oxygen positively shifts the cathode potential, leading to a higher OH coverage on Pt catalysts and thus a reduction in the parasitic current of MOR. The present explanation can further be verified by curve ͑2͒ in Fig. 4 , in which oxygen diffusivity in air was set at infinity. The DMFC cathode performance improves dramatically at high current densities, but only slightly at small current densities. This indicates that at small load the improved oxygen diffusion in curve ͑2͒ does not contribute as much as the oxygen enrichment, thus leading to the same mixed potential as in curve ͑1͒.
The crossover methanol from the anode is almost completely converted to carbon dioxide and water 31 in the presence of cathode catalysts; however, this reaction consumes oxygen from the air supplied to the cathode that would otherwise be needed for the ORR. 32 Figures 5-7 compare oxygen concentration, overpotential, and water saturation profiles in a DMFC cathode ͑with methanol crossover͒ with an H 2 /air cathode ͑without methanol crossover͒. From Fig. 5a , it is clear that the oxygen concentration decreases dramatically from the CL/GDL interface toward the inside of the DMFC cathode, indicating that oxygen is relatively deficient in the CL when methanol crossover is high. For the CL without methanol crossover, however, there is a negligible oxygen concentration gradient across the cathode CL. At high current densities, oxygen concentration profiles in the CL with and without methanol crossover converge to each other where methanol crossover becomes negligible. Water saturation and overpotential profiles in the CL exhibit a similar trend, as shown in Fig. 6 and 7 . Water saturation and overpotential are much higher in the CL with methanol crossover than those without crossover, especially at low current densities. Extra water produced from MOR results in an additional mass-transport resistance. These results clearly demonstrate that DMFC cathodes are easily flooded and exhibit considerable mass-transfer resistance.
The influence of MOR parameters, such as methanol crossover current density and kinetic rate constant K in Eq. 24, is explored in Fig. 8 and 9 . As seen, the methanol crossover current density at open circuit primarily influences the OCV and cathode performance at small current densities. A larger methanol crossover leads to a low cell voltage in the current range from open circuit to ϳ300 mA/cm 2 . At high operating current densities where methanol crossover diminishes, the effect of methanol crossover is alleviated and all the curves converge to a single one. The MOR kinetic rate constant K is a parameter to quantify methanol tolerance of the cathode catalyst. In this model, ORR kinetics is assumed to be unaffected by the presence of methanol; therefore, small K means that the catalyst is relatively inert to MOR and highly selective toward ORR. Figure 9 shows that smaller K results in smaller overpotential and hence better performance, and leaves higher methanol concentration in the cathode CL. Note that the methanol crossover current density is identical in all cases; thus, it is clear that crossover methanol is detrimental to cathode performance only if oxidized electrochemically. For higher K, for example, K = 1.0 ϫ 10 7 , methanol concentration drops dramatically from about 1.5 mol/m 3 at the PEM/CL interface down to zero at the CL/GDL interface. At the same time, the overpotential has to increase to offset the mixed potential and oxygen deficiency in the cathode CL. These results point to essentially two approaches to mitigating the detrimental effect of methanol crossover. One is to block the methanol crossover rate using new polymer materials or MEA design, while the other is to develop and employ methanol-tolerant cathode catalysts, which are required to have higher reactivity toward ORR than MOR.
In a DMFC, high cathode Pt loading is commonly employed to mitigate the methanol crossover effect and enhance the ORR kinetics. However, a higher Pt loading corresponds to a thicker CL, dramatically increasing the resistances of oxygen transport and proton conduction. Reducing CL thickness may be an effective way to improve oxygen transport and hence the cathode performance. Nevertheless, a thinner CL possesses less active reaction sites for ORR, increasing the kinetics loss. Therefore, the thickness of the cathode CL should be optimized to balance the requirements of the electrochemically active area, proton conduction, oxygen diffusion, and water removal under design operating conditions.
Performance of DMFC cathode CLs with various thicknesses is compared in Fig. 10 . Thinner CLs show better performance in the mass-transport regime; however, the electrochemical kinetics is impeded by the lower ECA. Thicker CLs show better ORR kinetics at the expense of lower performance in the mass-transport regime at high current densities. Therefore, the optimal CL thickness depends strongly on the operating current density. From the inset of Fig. 10 , the 20 m thick CL displays the highest voltage at 150 mA/cm 2 , a design point for portable applications. Optimized performance is attained by good balance between two competing factors: oxygen transport and protonic resistance in the CL, which can be best demonstrated by water saturation and overpotential profiles displayed in Fig. 11 and 12 , respectively. Water saturation in thicker cathode CLs is higher because water removal is more difficult; thus, a significant fraction of the catalytic sites is covered by liquid water and cannot contribute to the electrochemical reaction. On the contrary, oxygen transport is more favorable in thinner CLs, leading to higher and more uniform oxygen concentration profiles along the thickness at different current densities ͑not shown here͒. In Fig. 12 , although the overpotential variation across the 10 m CL at 150 mA/cm 2 is smaller, its magnitude is relatively larger than those of thicker CLs. The 20 m CL has the smallest overpotential at the PEM/CL interface, indicative of the best cathode performance, due to the optimal combination of active catalytic sites and mass transport/proton conduction.
Conclusion
A mathematical model has been developed for the DMFC cathode and is validated against experimental data with excellent agreement. The model incorporates the two-phase, multicomponent species transport, multistep electrochemical kinetics, and a chemical pathway between methanol and oxygen vapor, all of which are essential for accurate prediction of species distribution, polarization curve, and mixed potential due to methanol crossover.
The detrimental effect of methanol crossover is found to be more pronounced when air is used at the cathode rather than pure oxygen. The origin of the mixed potential is attributed to deficient oxygen and parasitic MOR current at the DMFC cathode, caused by chemi- 
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Journal of The Electrochemical Society, 154 ͑6͒ B514-B522 ͑2007͒ B520 cal and electrochemical oxidation of the crossover methanol. The cathode overpotential therefore has to increase to maintain the prescribed load current. The model predicts that reducing methanol crossover rate and utilizing methanol-tolerant cathode catalysts could be two effective approaches to recover ϳ40 mV at 150 mA/cm 2 due to methanol crossover. Small methanol crossover corresponds to high OCV as well as high cathode voltage in the kinetics region. Higher reaction selectivity toward the ORR than MOR implies higher methanol tolerance of the cathode catalyst and hence, smaller cathode voltage loss. Optimal cathode CL thickness is found to depend on the operating current density. Oxygen concentration drop across thinner CLs is smaller than that across thicker CLs; however, its overpotential is relatively larger, as a result of fewer catalytic sites. The highest voltage at 150 mA/cm 2 is achieved by a 20 m CL, representing a trade-off between the electrochemically active area and oxygen/proton transport resistances in the CL.
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